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A PERFORMANCE APPLICATION STUDY OF A 
JET- FLAP HELICOPTER ROTOR 


SUMMARY 

A performance study was made of the application of a jet-flap to 
a reaction-drive rotor for a heavy-lift helicopter mission and 
for a high-speed-helicopter maneuverability (200 knots, 2g) mis- 
sion. The results of the study are as follows: 

Heavy Lift Helicopter Mission 

As a result of the increase in maximum airfoil lift coefficient 
achieved by the jet-flap, rotor solidity is reduced with the 
jet-flap to approximately 59% of a non- jet-flap rotor. 

As a result of the saving in rotor solidity, and hence in rotor 
weight, the jet-flap configuration had a 21% higher productivity 
than a non-jet-flap configuration. 

Of the three propulsion systems studied utilizing a jet-flap 
(Hot Cycle, Warm Cycle, Cold Cycle) the Hot Cycle gave the larg- 
est increase in productivity. 

200 Knot 2g Mission 

The 200 knot 2g mission is performed best with a Warm Cycle pro- 
pulsion system. The jet-flap permits designing for a rotor 
blade loading coefficient C^,/a = .170 at 2g without encountering 

blade stall. A conventional rotor will allow a Cp/a of only 

.083 at 200 knots. Thus, the jet-flap rotor permits a 200 knot 
2g maneuver without suffering the penalty of an unreasonable 
rotor solidity that would be required by a non-jet-flap rotor. 



INTRODUCTION 


The concept of applying a jet-flap to a helicopter rotor to im- 
prove performance has received attention for several years. 

In the case of the jet-driven rotor, it is necessary to integrate 
the internal gas thermodynamics, the external blade aerodynamics, 
and the blade structural and dynamics design requirements. Stud- 
ies of the jet-flap helicopter on a jet-driven rotor (such as 
Reference 1) concluded there was no clear-cut total system cost 
advantage of the jet-flap helicopter over shaft-driven helicop- 
ters for high speed and heavy lift missions. The present study 
is intended to provide additional information on the potential 
performance advantage of the jet-driven helicopter equipped with 
a jet-flap. 

The study has two objectives, each related to widely different 
vehicles and missions. The initial work is concerned with a 
heavy lift mission, which has a cruise speed, with payload, of 
110 knots. The objective of the first part of this study is to 
employ a jet- flap on a helicopter rotor so as to obtain the larg- 
est improvement in productivity, compared to a reference warm 
cycle, no-jet-flap helicopter. By the nature of the jet-flap, 
more lift is derived by the integration of the airfoil aerody- 
namics and the propulsion system flow than by dealing with 
aerodynamics and propulsion separately, and blade stall effects 
in the usual sense can be postponed to a more heavily loaded 
condition. This means that the helicopter can simply be flown 
faster than usual with a conventional blade chord (or solidity) . 
Alternately, if speed is limited to a certain value as was done 
in this Heavy Lift study, the blade chord can be reduced substan- 
tially below the conventional size, thus reducing rotor weight, 
profile power, and hopefully, fuel. As a goal, a 50% reduction 
in rotor solidity was sought, corresponding to a doubling of the 
rotor (C T /a) from the usual .10-. 11 to .20-. 22. 

In the case of the second mission investigated, the objective 
was to determine whether a conventional solidity pure helicopter 
with a jet-flap rotor can perform the desired mission of sus- 
tained 2g at 200 knots. A later study should be considered of 
the optimum helicopter configuration to perform the 200 knot, 2g 
mission, in order to evaluate the place of the jet-flap helicop- 
ter. 
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SYMBOLS 


A 

A t 


IT 





P 


2 2 

rotor disk area, ft , ttR 

2 

rotor blade duct area, in 

lateral cyclic blade pitch angle, deg; positive is 
blade leading edge down at ¥ = 0 deg. 

2 

helicopter parasite drag area, ft 

speed of sound, ft/sec 
Also, lift curve slope 

longitudinal tilt of thrust vector, deg; positive 
aft 

rotor blade tip loss factor, .97 for jet-flap rotor 

longitudinal cyclic blade pitch angle, deg; positive 
is blade leading edge down at 4* = 90° 

number of blades 

total local section drag coefficient, d 

V 

drag coefficient due to section shape (no jet 
effects) 

drag coefficient due to mechanical flap 


rotor longitudinal force coefficient, H 

pA(fiR ) 2 

total local section lift coefficient, £ 

lift coefficient due to section shape (no jet 
effects) 

rotor lift coefficient, L 

pA(fiR)T 

propulsive power coefficient, 

Ap (ftR) 3 
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{ COR 


rotor torque coefficient, A p ( fl R) 2 R 

bW 


coriolis torque coefficient. 


Ap (ftR) g 


*r w 2 - *li> t 1 -t v 

i = 2 j=l . 


<Noz 


tip nozzle torque coefficient, W K-V-b 


rotor thrust coefficient, T 

p"A(ftft)'2 


C j/o 



c 

c . 
1 

D 

e 



DWN 

d 

EW 

e 


blade loading coefficient 

effective nozzle velocity coefficient 

rotor propulsive force coefficient, X 

pA(ftR) 2 

blade chord, ft (aerodynamics) ; in (weights) 
local section momentum coefficient, mVj 

q £ c 

diverter valve exit diameter, in 

duct hydraulic diameter, ft 

rotor download on fuselage/rotor thrust 
total local section drag per unit span, lb/ft 
empty weight, lb 
flapping hinge offset, ft 
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f 

GW 

g 

H 


1 Noz 


3 

K 


K. 

3 


L 

SL 

M 


M 

M] 

M 1 

1 

M 


D 


W 


M 


m 


N 

N 

P 


e 

t 


duct friction coefficient 
gross weight, lb 

2 

acceleration of gravity, ft/sec 
downwind force perpendicular to shaft, lb 

2 

blade inertia moment about flapping hinge, slug-ft 

incidence of tip nozzle to blade tip, deg; positive 
up 

numbering variable for jet-flap sections (j=l,4) 
and tip nozzle (j = 5) 

state-of-the-art weight improvement factor 
Also, ratio of specific heats 

fraction of gas flow leaving an element of the 
flap-nozzle region 

lift, lb 

total local section lift per unit span, lb/ft 
centrifugal force moment about flapping hinge, ft- lb 
duct Mach Number 

blade inertia moment about flapping hinge, ft- lb 

blade thrust moment about flapping hinge, ft-lb 

blade weight moment about flapping hinge, ft-lb 

local Mach Number on blade surface 

jet mass flux per unit span, all blades, slugs 

sec- ^t 

number of engines (=3) 
number of fuel tanks 

2 

local gas pressure, lb/in 
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p . 
air 


P amb 

P 

e 

P 2 

PL 

(P.L.) 

PPF 


Q 

q 

R 


S 

S 


T 

T 


DRAG 


rubber engine air flow expressed as a fraction of 
reference engine air flow, W /W 

cl 3- jr 

ret 

2 

ambient pressure, lb/in 

2 

engine exhaust pressure, lb/in 

2 

engine inlet pressure (including ram), lb/in 

payload, lb 
engine power level 

ratio of profile drag of a blade section to that 
for a NACA 0015 

rotor torque, ft- lb 

2 

free stream dynamic pressure, lb/ft 

2 2 

local dynamic pressure, hp\J , lb/ft 

blade radius, ft 

gas constant, ft- lb 

lb -^R 
m 

distance from blade flapping hinge to blade station, 
ft 

surface area, ft 2 

supercirculation thrust parameter, see equation (B-2) 

supercirculation lift parameter, see equation (B - 1 ) 

rotor thrust, lb 

Also, local gas temperature, °R 

engine exhaust temperature, °R 

engine air ram drag, lb 

engine inlet temperature, °R or °F 
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blade thickness at deepest section, in 

local velocity perpendicular to blade span, ft/se 

Also, blade duct area 

blade cross-section area 

component of U along the shaft axis 

component of U perpendicular to shaft axis 

dimensionless local velocity, U/ftR 
free-stream velocity, ft/sec 

helicopter block speed, mission radius , knots 

total time 

induced velocity, ft/sec 

local jet velocity, ft/sec 

rotor tip speed, ft/sec, ftR 

max redline tip speed, ft/sec 

In Weight Equations, = 750 (Heavy Lift) 

= 700 (High Speed) 
nozzle jet velocity, ft/sec 
design engine air flow, lb/sec 

engine air flow for reference engine (Table 1) , 
lb/sec 

design gross weight, lb 
Also, engine gas flow, lb/sec 

design gross weight of baseline helicopter, 
105,000 lb 

propulsive force, positive upstream, lb 
dimensionless radial station, r/R 



a s 

a p 

a (l) (270) 
8 


r 


Y 

6 

0 

o 

0i 


0 CAM 
Ao , A 


rotor angle of attack, deg 


blade element angle of attack, deg 

retreating blade tip angle of attack, 
see Appendix C 

blade flapping angle with respect to 
positive upward, deg 


flow function N W \ T £ n 

e g k e = f (MtJ 


deg; 
shaft , 


blade Lock Number, 


cpaR* 


jet deflection, positive downward from chordline, 
deg 

blade root pitch, deg 

blade twist, positive up at tip, deg 

simulated blade camber on inboard portion of blade, 
deg 

inflow ratio, V sin a - v 

SJK 


tip speed ratio V cos a . also V 

ftR ftR 


P 

o 


ft 


W ' 

’ 0 


free-stream air density, slugs/ft 

rotor solidity, be 

■fFE 

azimuth station, from rear in direction of rota- 
tion, deg 

rotational velocity of rotor, rad/sec 
engine referred airflow, lb/sec 
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engine referred fuel flow 



arm 

ac 

ag 

ai 

an 

apu 

av 

B 

div 

e 

el 

es 

eng 

fc 

fe 

fp 

fs 

fuel 

g 

h 

i 

ir 


Weight Subscripts 
Armor/ armament 
Air conditioning 
Auxiliary gear 
Air induction 
Anti - icing 
Auxiliary powerplant 
Avionics 
Fuselage (body) 

Diverter valve 
Weight empty 
Electrical group 
Exhaust system 
Engine 

Flight controls 
Furnishings and equipment 

Fixed propulsion (engine controls and starter) 
Fuel system 

Fuel for primary mission (fuel for warmup, hove 
cruise, and reserve) 

Gross weight 

Hydraulics and pneumatics 
Instruments 

Infrared countermeasure device 


Jet drive 


jd 

lg 

11 

nac 

pa 

r 

rb 

re 

tr 

ts 

uf 

ul 

w 

yfd 


Alighting gear 
Winch lifting load 
Nacel le 

Passenger accommodations 

Main rotor 

Rotor brake 

Reference engine 

Tail rotor 

Tail surfaces 

Unusable fuel 

Useful load 

Winch system 

Yaw fan drive 


DEVELOPMENT OF JET-FLAP BLADE DESIGN 

The use of a jet-flap on a jet-driven rotor requires design inte- 
gration of the propulsion, aerodynamic, and dynamic systems. 
Design work on blade structural configurations disclosed the 
possibility of using a honeycomb- type construction, leading to 
a simpler blade design than that previously employed in hot gas 
ducted systems. This honey comb - type construction is discussed 
in Reference 2 and is shown in Figure 1. 

A variation of this basic blade structural design is proposed 
for the jet-flap rotor blade considered here. It is proposed 
that the inboard portion of the rotor blade will not have a jet- 
flap, and that the outboard portion of the blade (outer 30-40 
percent) will be equipped with a mechanically- actuated flap, of 
approximately 12.5% chord, as shown schematically in Figure 1. 
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Figure 1. Schematic of Blade Construction and Jet Flap Installation 
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COMBINED PARAMETRIC DESIGN/PERFORMANCE PROGRAM 


An analysis of the large number of interrelated design para- 
meters of a gas-driven rotor system requires a parametric design 
program which incorporates a performance analysis, propulsion 
analysis, and weight analysis. The introduction of the jet-flap 
requires substitution of an aerodynamics performance program 
that is sensitive to the local changes in lift coefficient and 
drag coefficient brought about by the blowing action of the jet- 
flap. 

An available performance program, organized in a numerical inte- 
gration form, and based on the analyses presented in Reference 3 
and 4 was combined with a parametric design program. This inte- 
grated program then permitted the investigation of various pro- 
pulsion systems (hot, warm, and cold cycles), missions (heavy 
lift and high speed) and jet-flap parameters (percent gas bleed 
to flap, flap length/radius , flap deflection, etc.). In the 
execution of any one mission study, the performance routine is 
used several times, so computational time is longer than usual 
for a parametric program. However, by varying one parameter at 
a time (insofar as possible) , an optimum helicopter configura- 
tion could then be defined for each mission. 

Mission Definitions 

The following two missions were selected to show the potential 
advantages of the jet-flap in applications of general interest. 


Heavy Lift Helicopter 

1. Payload 

2. Mission radius (payload 

both ways) 

3. Hover power requirement 

4. Cruise speed 

5. Hover time per mission 

6. Warm-up fuel allowance 

7. Reserve fuel 

8. Rotor tip speed 


30 tons (approx) (sea level, 
95°F) 

50 n miles 

500 fpm vertical rate of climb 
at 4000 feet, 95 F. 

110 knots at sea level, 95°F 
20 minutes at sea level, 95°F 
500 pounds 
101 of initial 
700 feet/second 
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High speed maneuverable (200 

knot, 2g) helicopter 

1 . 

Payload 

3 tons (approx) (sea level, 
95°F 

2. 

Mission radius (payload 
both ways) 

100 n miles 

3. 

Hover power requirement 

500 fpm vertical rate of climb 
at 4000 feet, 95 F 

4. 

Cruise speed 

200 knots at sea level, 95 F 

5. 

Maneuver capability at 
200 knots 

2 . 0g 

Q 

6. 

Hover time per mission 

5 minutes at sea level, 95 F 

7. 

Warm-up fuel allowance 

75 pounds 

8. 

Reserve fuel 

10% of initial 

9. 

Rotor tip speed 

650 feet/second 

Basic helicopter parameters 


1 . 

Duct area utilization 

U = .73 

2. 

Duct friction coeffi- 
cient 

f - .003 

3. 

No. of engines 

3 

4. 

Jet-flap thrust recov- 
ery factor * 

0.5 


Discussion of 

Computer Program 


An abbreviated program flow diagram of the parametric design/ 
performance program is given in Figure 2. Special attention 
is given to the aerodynamics/performance subroutine. This part 
of the program calculates rotor forces and moments by numerical 
integration of blade element forces and moments. It should be 
noted that the introduction of the jet-flap did not increase the 
calculation time for a converged point, compared to a conven- 
tional, no-jet-flap case. 

A detailed description of the equations used is found in Appen- 
dix A. Comments on the function of the performance subroutine 
formulation at the noted option location on Figure 2 are as 
follows : 


* As defined by the term S-,, supercirculation thrust parameter, 
in Reference 5. 
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Figure 2. Computer Program Flow Diagram 
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Option 1. Heavy Lift design gross weight .- At zero airspeed, 
at a given vertical rate of climb, and at an engine power level 
(P.L.)*> inflow ratio (Xo) and blade root pitch angle (0 Q ) are 

varied from initial estimates until total rotor torque coeffi- 
cient (Cq) is zero and final vertical rate of climb equals the 

initial value. 

Option 2. Hover fuel at a given gross weight .- Given a verti- 
cal rate of climb (including O=hover) and rotor thrust (T) at 
zero airspeed, 0 q and (P.L.) are varied from initial estimates 

until C n equals zero and Cp equals the Cp calculated from the 

rotor thrust. 


Option 3. Calculation of cruise fuel .- Total helicopter para- 
site area (A^) and rotor thrust CT) ate input at a given air- 
speed. These are converted to nondimensional form (C p and C T ) 

P 


by the following equations: 


Cp 

P input 


C T input 


A qV r 
TT n f 

Ap(ftR) 3 


Ap(UR) 2 


( 1 ) 

( 2 ) 


Then, X o , 0 q , and (P.L.) are varied until Cq equals zero and the 

calculated values of C p and C T equal the input values. The 

p 

parasite power coefficient Cp is determined as fol- 

*P calculated 

lows at the end of each iteration: 


C T V f . f , , 

: p = 7MT sin ( ' a ~ a s ) 

^P calculated 


where a - tan 


-1 


H 


(3) 

(4) 


and a = tan — 


X o A C T 


P 2B 2 p 2 VT + 


( 5 ) 


* See below for derivation of engine power level, (P.L.) 
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and Crj, are computed as shown in Appendix A. Since power 

level (P.L.) is also determined in the convergence process, 
cruise fuel flow can also be found. 

Option 4. High speed design gross weight (200 knots, 2g) . - 
Given A and (P . L . ) for some airspeed, A is converted to non- 

TT r ’IT 

dimensional form (C p ). Then and e Q are varied until 

r input 

C n equals zero and C p equals C p . After the 

^ *P calculated *P input 

first iteration, A^ is recalculated during each iteration using 

the following empirical equation (6) , (from Reference 6) where 
the T is available from the previous iteration. 

A = .015 T 2/s 

7T 

Rotor Power Available and Power Level (P.L.) 

The rotor power available (and power level, (P.L.) is determined 
by calculating the changes in pressure and temperature of the 
gas as it travels from the engine to the nozzles located either 
in the jet-flap region or the blade tip. The velocity is found 
from the pressure and temperature at the jet-flap segment or the 
tip nozzle. The velocity, together with the mass flow existing 
at the flap segment or the tip nozzle, produces a partial rotor 
driving torque. The partial torques are then integrated, and 
converted into total rotor power available. 

Because of the specialized nature of the thermodynamic calcula- 
tions which determine the gas pressure and temperature changes, 
a discussion is presented in Appendix B giving significant 
details of the power available calculation. Particular attention 
is given to the Mach Number variation down the blade, because 
Mach Number is the most significant variable in the change of 
pressure and temperature of the gas. The process described in 
Appendix B applies to all the gas entering the blade, and as 
far down the blade as the jet-flap. When the gas is bled to the 
nozzles of the jet-flap segments, the blade duct area is assumed 
to be reduced to maintain the Mach Number of the on-going gas as 
if no bleed had occurred. This duct area reduction is brought 
about by reducing the blade aerodynamic thickness ratio from 
typically .20 at the inboard end of the jet-flap to .15 at the 
outboard end, in order to minimize blade profile losses. After 
the rotor power available is determined by the procedures des- 
cribed here and in Appendix B, the engine power level (P.L.) 
discussed earlier is found as follows: 
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Power Level = (P.L.) = 


Rotor Power Available (7) 
Normal Rated Power 


This parameter (P.L.) can have values in the range from . 3 to 
about 1.4, depending on whether some low cruise power or takeoff 
(military) power is being considered. 

It should be noted that, in all of the above options involving 
forward speed, engine ram drag (T^^q) is calculated as a func- 
tion of engine power level (P.L.) by use of the following equa- 
tion : 


1 DRAG g 

where W is total engine airflow (lbs/sec). This parameter is 

CL 

converted to an equivalent flat plate area and added to the 
parasite area, A , and is used in equation (1) each time (P.L.) 

is changed. 


Jet-Flap Aerodynamic Characteristics 

The jet-flap aerodynamic characteristics used in this study are 
presented in Appendix C. These characteristics include lift 
coefficient vs momentum coefficient, section drag coefficient, 
stall angle of attack, limit angle of attack, and thickness 
effects on drag. 


Empty Weight Determination 

The discussion of determination of empty weight is presented in 
Appendix D. Empirically- derived equations are presented for the 
several empty weight components for the Heavy Lift and for the 
high speed helicopters. 

Propulsion System Configurations 

It was pointed out earlier that acceptable jet-flap aerodynamic 
performance can be obtained independently of whether or not a 
hot, warm, or cold supply of blowing gas is used. It does re- 
quire a complete helicopter preliminary design study to deter- 
mine whether a whole helicopter is a more efficient design using 
various types of gas supply. Because of the broad nature of the 
study here, and in the interests of consistency, a relative com- 
parison was made of three types of propulsion systems, called 
the Warm Cycle, the Hot Cycle, and the Cold Cycle. A schematic 
of the three alternate systems is given in Figure 3. 
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C 'Compressor 

B= Burner 
T'Turbine 
F=Fan 

LC'load Compressor 


b) WARM CYCLE (Low Bypass Turbofan 



Figure 3. Propulsion System Configurations 
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Warm Cycle . - The Warm Cycle engine was the keystone of the 
study , and is essentially a low bypass turbofan engine of high 
compression ratio (>20:1), with cooled turbine blades. 

As used here, the fan and core gas streams are collected in a 
common tailpipe and permitted to mix as rapidly as possible to a 
homogeneous pressure and temperature as shown in Figure 3b. Mix- 
ing losses for pressure and temperature were based on engine 
manufacturers' calculations and test, and all Warm Cycle rotor 
performance calculations were based on complete mixing. Table 1 
gives the pressure ratio, temperature, airflow, fuel flow, and 
weight for the rubberized Warm Cycle engine used in this study. 

Hot Cycle . - Information was gathered to determine the nature 
of the unmixed fan and core gas streams of current advanced 
technology low bypass turbofan engines, as well as the resulting 
mixed stream properties, for a range of power settings from 
Military rating to Idle power. With this information, a calcu- 
lation was made to determine the amount of energy supplied to 
the bypass fan, and to convert that energy to a higher pressure 
and temperature associated with a pure turbojet (zero bypass 
ratio) engine of the same overall compression ratio, turbine in- 
let temperature, core airflow, and fuel flow (see Figure 3a) 

The "rubberized" Hot Cycle engine characteristics are given in 
Table 1. Because the Hot Cycle engine is much simpler than the 
Warm Cycle in that it has no turbine blading to drive a bypass 
fan nor any bypass fan, it is substantially lighter than the 
Warm Cycle. It does produce substantially higher pressure and 
hotter gas, which affects blade design; however, the substantial 
blade chord reduction possible with the Hot Cycle system compared 
to the lower pressure Warm Cycle makes the Hot Cycle a very 
attractive candidate system. 

Cold Cycle .- The Cold Cycle system as shown in Figure 3c can be 
seen to be essentially a turboshaft conversion of the Hot Cycle 
gas generator engine, with a load compressor to supply compressed 
air to drive the rotor and operate the jet-flap. 

Thus, the compressor pressure ratio can be chosen independently 
of the basic engine cycle, and thus (as also happens with the 
Hot Cycle) the gas can be made so dense that the blade duct re- 
quirement (for the Heavy-Lift mission) will be reduced to the 
point that conventional aerodynamic limits rather than any ther- 
modynamic limits will set the blade chord. In addition, the 
Cold Cycle discharge temperature is lower than that of the Hot 
Cycle or the Warm Cycle, making the blade design problem easier. 

The gas conditions associated with the Hot Cycle in Table 1 will 
produce a shaft power specific fuel consumption of under 0.4 lbs 
per hour per shaft horsepower, and will also develop a specific 
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power of approximately 180 shaft horsepower per pound of air per 
second. In the scheme proposed in Figure 3C, this type of turbo- 
shaft engine is connected to a load compressor of the axial type 
with a design point efficiency of 0.875, and a design pressure 
ratio of 6.5 to 1. A generalized compressor map was used, taken 
from Reference 7, and part load performance of the compressor 
was matched to the part power performance of the equivalent tur- 
boshaft engine. It was found that the load compressor will 
deliver 1.2 pounds per second for each pound per second of gas 
generator core flow; therefore, the Cold Cycle system used here 
has a "bypass ratio" of 1.2 to 1.0. The design point performance 
of the rubberized Cold Cycle system is also in Table 1. 

Rubberized engine characteristics . - The following characteris- 
tics are all Based on a common core of fixed overall compression 
ratio, turbine inlet temperature, and air flow. 


— TABLE I 

RUBBERIZED ENGINE CHARACTERISTICS (SEA 

LEVEL; 59° 

F) 

Cycle 


Warm 

Hot 

Cold 

Reference Engine Air Flow- 


250 

154 

184 

lb/sec - W 

a ref 

Gas pressure ratio-P /r. 


3.0 

4. 4 

6.4 

c amb 

Temperature - °F 


900 

1380 

500 

Fuel Flow - lb/hr 


10500 

10500 

10500 

Weight - lb. 


2300 

1700 

3100 


This table shows that the same core engine is used throughout 
this study, because all three engine types have the same fuel flow. 

Criteria for Comparison of Configurations 

The basic criterion for comparison of the several configurations 
was chosen to be specific productivity. 

PAYLOAD X BLOCK SPEED m 

PRODUCTIVITY = EMP T Y WEIGH T 1 

This parameter is chosen because it appears to represent heli- 
copter cost effectiveness (performance vs cost) better than 
other criteria such as minimum gross weight for a mission. 
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(It is noted that, in this study with an essentially fixed pay- 
load and fixed block speed, highest productivity is obtained 
with the lowest empty weight) . 

Fuel/payload* ratio is a frequently-mentioned optimization para- 
meter. It is presented in the Tables for the interested reader, 
and typical fuel/payload curves are given in Figures 6a and 7a 
for information purposes. The justification for using produc- 
tivity for optimization is given in Appendix E. 

RESULTS OF THE HEAVY- LIFT MISSION JET- FLAP STUDY 

The purpose of this study was to find the vehicle configuration 
and propulsion system which gave the best jet-flap performance 
(Productivity) and compare that vehicle with a reference no-jet- 
flap vehicle. The three jet-flap propulsion systems described 
above were the Hot Cycle, Warm Cycle, and Cold Cycle. The pro- 
pulsion system selected for the reference no-jet-flap vehicle 
was the Warm Cycle because preliminary work showed that best per- 
formance (Productivity) would be obtained with the Warm Cycle. 

To illustrate, the Warm Cycle productivity (4 blades) was 108.8** 
and the Hot Cycle productivity (4 blades) was 96.7, about 11% 
lower. 

The tables and charts below describe the process of elimination 
to obtain the best configuration. The tables and charts showing 
the effect of the parametric variables are examples taken from 
designs where comparable data were available and are not neces- 
sarily the selected optimum designs. 

Reference Warm Cycle (No- Jet-Flap) 

A brief set of Warm Cycle - no-jet-flap cases were run to esta- 
blish reference performance against which to measure performance 
gains from use of the jet-flap. A four bladed rotor***with 15% 
airfoil thickness was used, and initially, a disk loading of 
approximately 10.0 pounds per square foot was sought. Results 
are shown below in Table 2 and Figure 4 for the influence of 
duct Mach Number. 


* Fuel _ W f ue 1 

Payload Payload 

** Figure 5 

*** See Appendix F for discussion of number of blades for base- 
line vehicle. 
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WARM CYCLE - NO -JET -FLAP 

TABLE 2 

- EFFECT OF DUCT 

MACH NUMBER 

(CHORD) 

Duct Mach Number 

. 355 

. 406 

. 447 

C - in. 

58.0 

55.4 

53.9 

R - ft. 

61.75 

61.60 

61. 75 

a 

.0997 

.0953 

. 0927 

Disk Loading- lb/ft^ 

10.09 

10.08 

10.07 

% Engine Airflow - P a p r 

.453 

.463 

.474 

Payload - tons 

30.09 

30.02 

29.91 

Productivity 

107.7 

108.6 

108.6 

C T /a * ** 

.1076 

.1125 

. 1155 

** 

a (1.0)(270) Mar 8 in - de 8 

4.51 

3.94 

3.58 

W - lb 

120533 

120270 

120328 

g 

Fuel/Payload 

.2157 

. 2224 

. 2303 


Figure 4 shows that in the Mach Number range from .35 to .45 
that the highest productivity (108.7) is obtained at a duct Mach 
Number of about .42. The rotor C T /a is approximately .114. 

Additional cases were then run at a Mach Number of . 42 for a 
range of disk loadings, and the results are shown in Table 3 and 
Figure 5. 

* Tabulated Gp/o is for 4000 feet, 95°F. For sea level, 59°F, 
multiply by 0.808. 

** See Appendix C for discussion of limit angles of attack 
(margin) . 
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Figure 4. Warm Cycle - No Jet Flap - Effect of Duct Mach Number on 

Productivity 
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TABLE 3 

WARM CYCLE - NO- JET- FLAP- EFFECT OF DISK 

LOADING (BLADE 

RADIUS) 

Disk Loading - lb/ft 2 

9.00 

10.08 

11.08 

R - ft 

65.30 

61.75 

58.90 

C - in 

53.6 

54.7 

55.7 

a 

. 0871 

. 0904 

. 1004 

Duct Mach Number 

. 424 

. 425 

. 423 

1 Engine Airflow - p a ^ r 

. 449 

. 469 

.484 

Payload - tons 

30.03 

30.02 

29.91 

Productivity 

108. 4 

108. 7 

108. 7 

C.p/a 

. 1098 

. 1140 

. 1173 

“(1.0)(270) Marein ‘ de8 

4.36 

3.76 

3.27 

W - lb 

120226 

120433 

120382 

g 




Fuel/Payload 

. 2194 

. 2257 

.2319 


Figure 5 shows that, in the disk loading range from 9 to 11 
pounds per square foot, the highest productivity is 108.8, at a 
disk loading of 10.3 pounds per square foot, with C T /a = .115. 

pL x V B 

Productivity = — ^ = 108.8 is taken as the reference no- jet- 

flap value. Fuel/payload is .23. 


Hot Cycle Propulsion System 

As was mentioned earlier, the Hot Cycle propulsion system was 
found (in screening calculations) to give the highest perfor- 
mance. Therefore, the broadest study of jet-flap parameters was 
applied to the Hot Cycle, with results noted below. The vari- 
ables are discussed in the order of their general importance, 
rather than the order in which they actually were studied. Rela- 
tive engine size (% engine airflow ) was varied to maintain 
approximately 30 tons payload over the range of the variable of 
interest . 
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Effect of duct Mach Number (Chord ) . - Table 4 and Figure 6 show 
the effect of duct Mach Number on Productivity. The baseline 
parameters were: 


a. 

Disk loading =9.0 lb/ft 2 


b. 

Gas flow split = 301 flap/70% 

nozzle 

c. 

Flap length/radius = 0.275 (. 

7R - . 9 7 5R) 

d. 

Flap deflection = 40° (hover) 
(cruise) 

, 20° ± 20° sin V 

e . 

No. of blades = 3 


f. 

Blade thickness ratio = .20 


g- 

Blade tip speed, ft/sec = 700 



TABLE 4 

HOT CYCLE - EFFECT OF DUCT MACH NUMBER (CHORD) 


Duct Mach Number 

.306 

. 383 

. 428 

. 463 

C - in. 

44.0 

40.3 

38.9 

37. 8 

R - ft. 

63.0 

63.0 

63.0 

63.0 

a 

. 0556 

.0509 

.0491 

. 0477 

Disk Loading-lb/ft 2 

9.02 

9.00 

9.02 

8.95 

1 Engine Airflow-P . 

& air 

.461 

. 467 

.477 

. 479 

Payload - tons 

30.14 

30.17 

30.19 

29.80 

Productivity 

127.4 

129.9 

130.4 

129. 8 

C T /a 

. 1724 

. 1880 

. 1953 

. 1994 

“(1.0(270) Mar 8 in ' de 8 

1. 20 

-.09 

-.90 

-1. 36 

W g - lb 

112116 

111828 

112206 

111290 

Fuel/Payload 

. 2081 

. 2128 

. 2198 

. 2257 
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PRODUCTIVITY 


140 


130 


120 

0 . 


Figure 6. Hot Cycle Jet Flap - Effect of Duct Mach Number on Productivity 



30 0.35 0.40 0.45 0.50 

DUCT MACH NO. 
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FUEL 

PAYLOAD 


Figure 6a. 


0.26, 



Disk Loading * 9 lb ft 2 

W Flaf/ W Nozzle ' °- 3 /o . 7 

Flap Length/ R - 0.275 

Avg Flap Deflection * 20° (Cruise) 



0.45 


a 50 


DUCT MACH NO. 


Hot Cycle Jet Flap - Effect of Duct Mach Number on Fuel/ 
Payload Ratio 
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Figure 6 shows that in the Mach Number range from .306 to .463 
the highest productivity (130.4) is obtained at a duct Mach Num- 
ber = .428. Table 4 shows that C ^,/a for this configuration is 

.195, which is roughly 701 higher than that obtained for the 
reference Warm Cycle. At the same time, productivity is 130.4/ 
108.8 or 201 higher. The blade tip angle of attack margin is 
-.9 degrees, which is lower than the allowable of -1.50 degrees. 

It is also seen that the highest duct Mach Number = .463 will 
allow a further increase of C,p/a to .199, but only at the expense 

of a lower productivity and a tip angle closer to the limit value. 

Effect of disk loading (radius ).- Table 5 and Figure 7 show the 
effect of disk loading on Productivity. The baseline parameters 
were the same as for the duct Mach Number review above, except 
duct Mach Number was held essentially constant at .428 and disk 
loading was varied. 


HOT CYCLE - 

TABLE 5 

EFFECT OF DISK LOADING 

(RADIUS) 


2 

Disk Loading- lb/ft 

7.05 

8.07 

9.02 

10.06 

R - ft 

70.70 

66.10 

63.08 

59.50 

C - in 

37.1 

37.9 

38.9 

39.6 

a 

. 0418 

.0456 

.0491 

. 0529 

Duct Mach Number 

. 423 

. 426 

. 428 

. 427 

% Engine Airflow-P . 

all 

. 432 

. 452 

. 478 

. 494 

Payload - tons 

29.93 

29.86 

30.19 

29.71 

Productivity 

129. 7 

130.1 

130.4 

129.0 

C T /a 

. 1794 

.1882 

. 1953 

. 2021 

a (1.0)(270) Mar 8 in - de 8 

. 93 

. 03 

-.90 

-1.92 

W g - lb 

110499 

110552 

112206 

111566 

Fue 1/Payload 

. 2046 

.2112 

. 2198 

. 2320 
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DISK LOADING -LB/FT 2 


Figure 7. Hot Cycle Jet Flap - Effect of Disk Loading on Productivity 
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Duct Mach No. - 0.42 

0 . 26r - W Flap/ W Nozzle = 0 - 3/0 - 7 
Flap Length /R 3 0. 275 


FUEL 

PAYLOAD 


0.24 

0.22 

0.20 


Avg Flap Deflection 3 20*(Cruise)- 






— - 


^Max Pr< 

Dductivity 


8 


10 


II 


Disk Loading - LB/FT‘ 


Figure 7a. Hot Cycle Jet Flap - Effect of Disk Loading on Fuel/Payload Ratio 


32 


Figure 7 shows that in the disk loading range from 7 to 10 
pounds per square foot, the highest productivity is obtained at 
a disk loading of 9.0 pounds per square foot. Table 5 again 
shows that C^,/a = .195, and productivity is 130.4, as noted 

above for Mach Number variation. It is also seen that a disk 
loading of 10 pounds per square foot would produce a Cj/a = .202, 

but the blade tip angle of attack will exceed the allowable limit 
of -1.50 degrees .margin. 

Effect of gas split .- Table 6 shows the effect on productivity 
of gas split between the jet-flap and the tip nozzle. The base- 
line parameters are similar to those for duct Mach Number, except 
duct Mach Number of approximately .38 was used, and gas split to 
the flap and nozzle was varied. 


HOT CYCLE 

TABLE 6 
- EFFECT OF 

GAS SPLIT 



Gas split, flap/nozzle 

.3/. 7 

.35/. 65 

.4/. 6 

1.0/0 

R - ft 

62.96 

63. 36 

63.60 

64. 50 

C - in 

40.5 

40.3 

40.7 

46.9 

O 

. 0509 

.0509 

. 0509 

. 0563 

Duct Mach Number 

.383 

. 383 

. 383 

. 377 

Disk Loading- lb/ft^ 

9. 00 

8.93 

8. 84 

9.10 

% Engine Airflow-P . 

air 

.469 

. 475 

.478 

.627 

Payload - tons 

30.17 

30.30 

30.13 

30.17 

Productivity 

129.9 

129.7 

128. 7 

117.4 

C T /o 

.1880 

. 1865 

.1847 

. 1673 

“(1.0)(270) Mar 8 in ' de S 

-.09 

. 72 

1.50 

7. 97 

W - lb 
g 

Fuel/Payload 

111828 

112350 

112110 

118544 

. 2128 

. 2127 

. 2144 

. 2590 


Table 6 shows, in the range of gas split to the flap /nozzle vary- 
ing from .3/. 7 to 1.0/0. that a .3/. 7 value gives the highest 
productivity (129.9). Any lower flow, such as 251 - 201 to the 
flap, will give essentially the same productivity, at the expense 
of more negative blade angles of attack. Therefore, the value 
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of gas split, flap/nozzle, = .3/. 7 was used in the preceding two 
parameter studies. C ^,/a also decreases steadily with any in- 
crease in flow to the flap. 

Effect of flap length/radius .- Table 7 shows the effect of jet- 
flap length/R on Productivity. The baseline parameters are sim- 
ilar to those for duct Mach Number, except that a Mach Number of 
.38, and a gas split of .35/. 65 were used. 


TABLE 7 

HOT CYCLE - EFFECT OF FLAP LENGTH/RADIUS 


Jet-flap length/R 
R - ft 
C - in 
a 

Duct Mach Number 
Disk Loading- lb/ft^ 

% Engine Airflow-P a ^ r 
Payload - tons 
Productivity 
C T /a 

a (1.0) C 270) Mar S in ' de 2 

W - lb 
g 

Fuel/Payload 


. 225 

.275 

. 325 

63.30 

63. 40 

63.28 

40. 5 

40.5 

40.5 

.0509 

. 0509 

. 0509 

. 383 

.383 

. 384 

8.92 

8.93 

8.92 

.473 

.475 

. 474 

30.13 

30. 30 

30.17 

129.3 

129.7 

129.4 

.1863 

. 1865 

.1864 

. 54 

. 72 

. 82 

111871 

112350 

111993 

. 2131 

. 2127 

. 2133 


Table 7 shows that in the range of jet- flap length/R from 
.225 - .325 that a flap length of .275 gave the highest pro- 
ductivity (129.7) by a slight margin. Further, (Cj,/a) is 

highest at a flap length/R = .275. Therefore, a flap length/R 
= .275 was used in the preceding three parameter studies. 

Effect of flap deflect ion- cruise and hover .- Table 8 shows 
the effect on Productivity of jet-flap deflection in cruise. 
The baseline parameters were: 
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a. Disk loading =8.1 lb/ft 2 

b. Gas flow split = 301 flap, 701 nozzle 

c. Duct Mach Number = .42 

d. Flap length/radius = .275 (.7R - .975R) 

e. No. of blades = 3 

f. Blade thickness ratio = .20 

g. Blade tip speed, ft/sec = 700 

In Table 8, the hover flap deflection was arbitrarily fixed at 
the maximum value used in cruise. 


TABLE 

HOT CYCLE - EFFECT OF FLAP 

8 

DEFLECTION 

(CRUISE) 

Cruise flap deflection- 
degrees 

15-15 sinT 

20-20 sinf 

25-25 sinY 

Hover flap deflection- 
degrees 

30 

40 

50 

R - ft 

66.10 

66.10 

66.50 

C - in 

37.9 

37.9 

38.1 

a 

.0456 

.0456 

. 0456 

Duct Mach Number 

. 426 

. 426 

.426 

Disk Loading - lb/ft^ 

8. 12 

8.07 

7.98 

% Engine Airflow - P . 

6 air 

. 453 

. 453 

. 458 

Payload - tons 

29.98 

29.86 

29.78 

Productivity 

130.2 

130.1 

129.1 

Cj/ o 

.1892 

.1882 

.1861 

a (1.0)(270) Margin ' deg 

. 88 

. 03 

-2.60 

W - lb 
g 

111150 

110552 

110657 

Fuel/Payload 

. 2144 

. 2112 

. 2134 
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Table 8 shows that, in the range of cruise flap deflection of 

30° to 50° (maximum), highest relative productivity (130.2) is 

found at a flap deflection of 15° - 15° sinT. However, this 
productivity result is only very slightly better (130.2) than 

the value (130.1) obtained with 20° - 20° sin¥ deflection, which 
was used in the four preceding parameter studies. Therefore, it 
is concluded that the originally determined values of best duct 
Mach Number, disk loading, gas split, and flap length can be 

accepted based on the cruise flap deflection angle of 20 - 20 

sinT with which they were determined. In addition, (C^/o) at 

20° - 20° sinT is essentially the same as at 15° - 15° sint. 

Table 9 shows the effect on Productivity of jet-flap deflection 
in hover. The baseline parameters were the same as those for 
flap deflection in cruise, except that cruise flap deflection 

was held constant at 20° - 20° sin^. 


TABLE 9 

HOT CYCLE - EFFECT OF FLAP DEFLECTION (HOVER) 


Hover flap deflection- 
degrees 

30 

40 

50 

Cruise flap deflection- 
degrees 

20-20 sinV 

20-20 sin V 

20-20 sinY 

R - ft 

66.1 

66.1 

66.5 

C - in 

37.9 

37.9 

38. 3 

a 

. 0456 

.0456 

.0458 

Duct Mach Number 

. 426 

. 426 

.421 

Disk Loading- lb/ft^ 

8. 12 

8.07 

7.99 

% Engine Airflow-p . 

air 

Payload - tons 

. 453 

. 453 

.458 

30.10 

29. 86 

29. 88 

Productivity 

130.8 

130.1 

129.4 

C T /c 

.1892 

. 1882 

.1855 

a (1.0)(270) Mar 8 in ‘ de 8 

-.09 

.03 

. 31 

W - lb 
g 

Fuel/Payload 

111150 

110552 

110820 

.2100 

. 2112 

.2111 
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Table 9 shows that highest relative Productivity (130.8) was 

found at a hover flap deflection of 30°, which is about 0.5% 
better than that (130.1) associated with a hover flap deflection 

of 40°, the value used in the initial four hot cycle parameter 

studies. It is concluded that a hover flap deflection of 30° is 
best, and that best values of duct Mach Number, gas split, and 
flap length/R determined on the basis of a cruise flap deflec- 
tion of 20° - 20° sinW are acceptable. Adjusting for a disk 
loading of 9 pounds per square foot instead of 8 pounds per 
square foot, productivity for best hover flap angle becomes 131.0 
(from Table 5 and Table 9). 

This value of Productivity will be taken as the optimum for the 
Hot Cycle Heavy-Lift Helicopter. It is 131.0/108.8, or 21% 
higher than the reference Warm Cycle, no- jet-flap value. The 
associated C j/o based on Tables 5 and 9, is .196. Fuel/Payload 

is .22 (interpolated). 

Effect of blade thickness ratio .- Table 10 shows the effect on 
Productivity of a change in the blade thickness ratio from a 
baseline value of .20 to .22. All other parameters are similar 
to those in item 1 (duct Mach Number) , except the baseline disk 
loading was changed to 9 pounds per square foot. 


TABLE 10 

HOT CYCLE - EFFECT OF BLADE THICKNESS RATIO 


Thickness Ratio 
R - ft 
C - in 
a 

Duct Mach Number 
Disk Loading - lb/ft^ 
% Engine Airflow-p . 
Payload - tons 
Productivity 
C T /a 

a (1.0)(270) Mar 8 in - de « 

W - lb 
g 

Fuel/Payload 


.20 

.22 

62.96 

62. 80 

40.3 

38. 4 

.0509 

. 0487 

.383 

. 380 

9.00 

8.99 

.469 

.466 

30.17 

29.95 

129.9 

130.7 

.1880 

. 1963 

-.09 

-1.03 

111828 

111129 

.2128 

. 2177 



Table 10 shows that the added 101 thickness produces about a 
0.6% increase in Productivity, based on aerodynamic and propul- 
sion considerations only. However, the added thickness will 
raise the blade natural frequency, possibly leading to excessive 
stresses. For this reason, and because of the small effect of 
increased thickness on productivity, thickness ratio was retained 
at .20. 

Effect of change of blade camber . - A review was made of the 
angle of attack distribution down the blade, and it became clear 
that, although the blade in the region of the jet-flap was heav- 
ily loaded, the blade inboard of the jet-flap was not carrying 
as much load as seemed reasonable. Therefore, a change in blade 
camber inboard of the jet-flap was simulated by imposing an 

equivalent increase of blade pitch angle. Both = 3° and 

©Cam = 4° were tried, and the = 4° value gave a 4% higher 

productivity. Therefore, this value was used throughout the 

entire study. 

Effect of flap pitch distribution .- The jet-flap used here was 
assumed to be broken into four segments of equal length, each 
having the same pitch setting at the same time. As discussed in 
Appendix A, the computer program was assembled with the capabil- 
ity of varying the pitch of the individual flap segments. This 
feature was not used in this initial study, and could be in- 
cluded in any future study of the jet-flap helicopter. 

Warm Cycle Propulsion System 

A brief set of Warm Cycle cases with a jet-flap was run to esta- 
blish possible performance with this type of propulsion system. 

The results are shown in Table 11 and Figure 8. As mentioned 
earlier, preliminary calculations were made which established 
that highest productivity can be obtained with the Hot Cycle. 

The Hot Cycle was used to find the sensitivity of the several 
jet-flap parameters discussed above. Using those studies as a 
guide, the baseline parameters for the Warm Cycle study were as 
follows : 

a. 

b. 

c. 

d. 

e . 

f. 
g- 


Disk loading = 10 lb/ft 2 

Gas flow split = 30% flap/70% nozzle 

Flap length/radius = . 275 (. 7R-.975R) 

No. of blades = 3 

Blade thickness ratio = .20 

Blade tip speed, ft/sec = 700 

Flap deflection angle (hover) 40° 
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Flap deflection angle in cruise was 10° - 10° sin¥, which is 
lower than used previously. This results from the fact that the 
internal thermodynamics of the Warm Cycle requires a solidity 
that is higher than that of the Hot Cycle. As a result, less 
help is needed from the jet-flap to obtain equilibrium about the 
flapping hinge. Consequently, less flap deflection is required 
to obtain the limiting C^,/o. 



TABLE 11 



WARM CYCLE - EFFECT 

OF DUCT MACH 

NUMBER 

(CHORD) 

Duct Mach Number 

. 408 

. 453 

. 498 

C - in 

54. 4 

52. 8 

51.4 

R - ft 

60.60 

60.60 

60.75 

a 

.0715 

. 0693 

. 0582 

Disk Loading - lb/ft^ 

10. 04 

10.09 

10.05 

% Engine Airflow -P . 

. 449 

. 458 

. 466 

Payload - tons 

29. 87 

30. 04 

29.97 

Productivity 

118. 2 

119.2 

119.2 

C T /a 

. 1492 

.1547 

. 1587 

a (1.0)(270) Mar S in - de S 

3. 36 

2.94 

2.64 

W - lb 
g 

Fuel/Payload 

115486 

116078 

116198 

.2124 

. 2170 

. 2231 


Figure 8 shows that, in the Mach Number range from .4 to .5, 
hi ahpcl; orndn.cti vi t.v (11.9.51 is obtained at. a duct. Mach Number 
=.475. Interpolation in Table 11 shows that C^/a for this con- 
figuration is .157, which is roughly 37% higher than that obtain- 
ed for the reference Warm Cycle - no-jet-flap configuration. 
Productivity is 119.5/108.8 or 10% higher with the jet-flap. 
Interpolated fuel/payload is .22. 

A few Warm Cycle jet-flap cases were run with two blades, at a 
disk loading of 10 pounds per square foot. Productivity was 
found to be 129.4 at a duct Mach Number = .450 with C^,/a = . 1904. 

(Fuel/Payload was .2138) Obviously, going to two blades will 
permit a lower solidity and give higher performance. 
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PRODUCTIVITY 



DUCT MACH NO. 


Figure 8. Warm Cycle Jet Flap - Effect of Duct Mach Number on 

Productivity 
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This Warm Cycle performance with two blades approaches that of 
the Hot Cycle. However, two-blade rotors introduce dynamic prob- 
lems not present with 3- or 4- bladed rotors. Consequently, the 
Warm Cycle jet-flap case will be discussed relative to 3 blades. 

Cold Cycle Propulsion System 

Calculations which were made of the performance of the Cold 
Cycle propulsion system showed that although the highly com- 
pressed air permitted an aerodynamically- limited, lightweight, 
low solidity rotor, the added engine weight and fuel weight 
associated with this type of propulsion resulted in limiting the 
Productivity. The baseline parameters were the same as for the 
Warm Cycle with jet-flap, except jet-flap deflection in cruise 

was returned to 20° - 20° sinT. Results are as follows: 


TABLE 12 
COLD CYCLE 

Duct Mach Number 

. 260 

C - in 

41.0 

R - ft 

61.60 

a 

. 053 

Disk Loading - lb/ft ^ 

10.17 

1 Engine Airflow “P a ^ r 

.601 

Payload - tons 

30. 34 

Productivity 

120.6 

c T /o 

. 2039 

“(1.0)C270) Mar 8 in - de « 

-1. 47 

W„ - lb 

120855 

Fuel/Payload 

. 2658 


Table 12 shows that the Cold Cycle is aerodynamically limited, 
with no thermodynamic constraints. The duct Mach Number of .260 
is the lowest of any examined, the Cp/o = .204 is the highest, 

and the blade tip angle is essentially at the limit margin of 
-1.50 degrees. The productivity 120.6 is lower than that of the 
Hot Cycle systems, and is slightly higher than that of the Warm 
Cycle. 
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Comparison of Propulsion Systems 


The following table presents the best interpolated configuration 
of the several propulsion systems, in order to provide a rapid 
evaluation of the utility of the jet-flap. 


TABLE 13 

COMPARISON OF PROPULSION SYSTEMS 


Propulsion Type 

J e t - F 1 ap 

Productivity 

C T /a 

Duct Mach Number 
Disk Loading- lb/ft^ 
Fue 1/Payload 


Warm 

Cycle 

Hot 

Cycle 

No 

Yes 

108. 8 

131.0 

.115 

.196 

. 42 

. 43 

10.1 

9.0 

. 23 

.22 


Warm 

Cycle 

Cold 

firr-l 

W J W J. 

Yes 

Yes 

119.5 

120.6 

. 157 

.204 

. 47 

. 26 

10. 1 

10. 2 

. 22 

.27 


Table 13 shows that the !!ot Cycle propulsion system offers the 
best jet-flap Productivity, followed by the Cold Cycle, and 
lastly by the Warm Cycle, compared to the Warm Cycle, no- jet- 
flap. In addition, for reference purposes, the ratio of fuel/ 
payload is given. It is seen that the Hot Cycle and Warm Cycle 
jet-flap configurations have essentially the same ratio of fuel/ 
payload as the reference Warm Cycle - no-jet-flap helicopter. 
Apparently, the reduction in profile power associated with the 
lower solidity of the jet-flap rotor is enough to overcome the 
relative inefficiency of the jet-flap, which exhausts the gas 
only part way to the blade tip, in a downward direction, thereby 
raising the specific fuel consumption. 

The Cold Cycle rotor, on the other hand, experiences an 18% in- 
crease of the fuel/payload ratio. 

RESULTS OF THE HIGH SPEED MANEUVERABILITY JET -FLAP STUDY 

The results of the 200 knots, 2g jet-flap study indicate that 
the desired maneuverability can be obtained with a rotor design 
very consistent with NASA tests of a similar jet-flap rotor. 

The solidity required for the design condition permitted the use 
of the Warm Cycle propulsion system because duct size was aero- 
dynamically , not thermodynamically, limited. The determination 
of the best combination of jet-flap parameters is as follows: 
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Effect of Gas Split 


A set of exploratory calculations were run using only the modi- 
fied performance program to define the flap parameters most 
likely to produce the desired rotor performance. An initial gas 
split of 0.3 flap/0.7 nozzle, which was the preferred Heavy-Lift 
split, produced a retreating blade tip angle of attack of almost 

20° past the allowable value. Splits of .5 flap/. 5 nozzle and 
0.75 flap/0.25 nozzle also resulted in excessive angle of attack, 
and a split of 1.0 flap/0.0 nozzle was required for satisfactory 
operation . 


Effect of Jet-Flap Deflection 

Simultaneously with variation of the gas split, jet-flap deflec- 
tion angles were varied in hover and cruise. It was found that, 
to obtain satisfactory blade tip angles of attack, the flap 
deflection required was that which produced maximum lift coeffi- 
cient for a given jet momentum coefficient. As discussed in 
Appendix C, the Jet-Flap Aerodynamic Characteristics section, 

this corresponds to a deflection of 40° in hover, and 20° - 20° 
sin T in cruise. 


Effect of Flap Length/Radius 

Table 14 shows the effect of jet-flap length/R on Productivity. 
The baseline parameters were: 

a. Disk loading = 10.3 lb/ft 2 

b. Gas flow split = 100% flap/0% nozzle 

c. Duct Mach Number = .31 

d. Flap deflection = 40° (hover), 20°-20° sini* (cruise) 

e. No. of blades = 4 

f. Blade tip speed = 650 ft/sec 

g. Cruise speed = 200 knots 
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TABLE 14 


HIGH SPEED - EFFECT OF FLAP LENGTH/RADIUS 


Jet-Flap Length/R 

. 375 

.275 

. 175 

R - ft 

27.00 

27.00 

27.00 

C - in 

33. 8 

33. 8 

33. 8 

a 

. 133 

. 133 

. 133 

Disk Loading - lb/ft^ 

10.23 

10.37 

10.08 

% Engine Airflow -P ._ 
6 air 

. 136 

. 136 

. 136 

Payload - tons 

3.02 

3.17 

2.94 

Productivity 

85.8 

90.0 

84.2 

C T /o ( 2g) 

. 1638 

. 1659 

. 1614 

a (l . 0) (270) Mar ® inde ® 

.13 

-.77 

-2.05 

W g - lb 

23509 

23814 

23164 

Fue 1/Payload 

.6566 

.6190 

. 6562 


Table 14 shows that a flap length/R of .275R gives the highest 
productivity and highest C^/o, and that value was therefore used 

for further optimization. 


Effect of Disk Loading - (Radius) 

Table 15 shows the effect of disk loading on productivity. The 
baseline parameters were the same as for the study of flap 
length/radius . 
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HIGH SPEED - 

TABLE 15 

EFFECT OF DISK LOADING 

(RADIUS) 

Disk Loading lb/ft^ 

9.05 

10.37 

11.01 

R - ft 

29.00 

27.00 

26.00 

C - in 

33.3 

33. 80 

34.0 

a 

.122 

.133 

. 139 

Duct Mach Number 

.308 

. 307 

. 305 

% Engine Airflow-P . 

.133 

.136 

. 137 

Payload - tons 

3.12 

3.17 

3.10 

Productivity 

87.2 

90.0 

89.2 

C T /a ( 2 g) 

.1580 

.1659 

. 1687 

a (1.0) (270) Margin “ deg 

.24 

-.77 

-1.02 

W - lb 
g 

23997 

23814 

23459 

Fuel/Payload 

.6448 

.6190 

.6214 


Table 15 shows that highest productivity is obtained with a disk 
loading of 10.4 pounds per square foot. 


Effect of Duct Mach Number (Chord) 

Table 16 shows the effect of duct Number on productivity. The 
baseline parameters (except Mach Number) were the same as for 
the flap length/R review above. 
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TABLE 16 

HIGH SPEED - EFFECT OF DUCT MACH NUMBER (CHORD) 


Duct Mach Number 

. 307 

. 336 

. 367 

C - in 

33.8 

32.8 

31.8 

R - ft 

27.00 

27.00 

27.00 

a 

. 133 

. 129 

.125 

Disk Loading - lb/ft^ 

10.37 

10.3 

10.25 

% Engine Airflow-P . 

° air 

.136 

.138 

.141 

Payload - tons 

3.17 

3.16 

3.14 

Productivity 

90.0 

90.3 

90.1 

C T /a ( 2g) 

. 1659 

. 1703 

. 1746 

a (1.0)(270) Mar S in - de S 

-.77 

-1. 31 

-1.87 

W - lb 
g 

23814 

23668 

23552 

Fuel/Payload 

.6190 

. 6184 

.6227 


Table 16 shows that within the Mach Number range examined, the 
effect on productivity is practically nil, and a duct Mach Num- 
ber of .34 gives the highest productivity (90.3). The corres- 
ponding C T /a is .170. This configuration is selected as the 

preferred high speed maneuverable (200 knot, 2g) helicopter. 

Comparison with NASA Work 

An interesting comparison of the high speed rotor lift capability 
using the jet-flap is shown in Figure 9. This figure is taken 
from Reference 8, and shows the calculated lift capability of the 
U . S . Army/Dorand Jet-Flap rotor. (Some test points are included, 
but mechanical pitch limits prevented reaching full rotor capa- 
bility) . 

Spotted on the band labeled "calculated NASA TN D-3028" is the 
calculated point taken from the preceding section of this report. 
This point falls into the band calculated by NASA for lift of a 
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Figure 9. Jet-Flap Rotor Capability 
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representative jet-flap rotor, and this shows consistency be- 
tween the two studies. 

An added aspect of this comparison is shown on Figure 10. This 
figure, also taken from Reference 8, shows the rotor lift force 
vs rotor propulsive force, using the appropriate parasite area 
value. It is seen that the calculated C. /a and C Y /a values 

L R *R 

are quite consistent with the test values from Reference 8. 

A preliminary study was also made of the configuration of a con- 
ventional no-jet-flap rotor able to fly at 200 knots at 2g. 

Using the charts of Reference 9, and increasing the Upper Stall 
Limit by A (C^,/a) =.04 based on tests reported in Reference 10, 

the allowable Gp/a is .083 at y = .52 for the conventional rotor, 

leading to a solidity of .245, which is twice that needed by the 
jet-flap rotor. Therefore, it is concluded that a pure helicop- 
ter with a conventional rotor will require a rotor with double 
the solidity of a jet-flap rotor when performaing the 200 knot, 

2g mission. 


EFFECT OF REDUCED POWER AND AUTOROTATION 

High lift coefficients are developed on the rotor blades through 
the blowing of a gas jet over a deflected mechanical flap. If 
the momentum in the air jet should be reduced, the increased 
lift coefficient would be reduced and blade stall would occur. 
Therefore, partial power descents and engine failure were studied 
to find methods of alleviating this problem. 

Heavy-Lift Helicopter 

In the case of partial power descent, the optimum configuration 

has 1 to 1.5° margin below the limit angle of attack in level 
flight, and the angle of attack will reduce slightly in descent. 
Therefore, with less blowing, it might be possible to descend at 
constant airspeed without blade stall. If further work shows 
that stall does occur, it might be necessary to reduce airspeed 
before entering descent. As an alternate, since the heavy-lift 
helicopter applies only 30% of the gas flow to the jet-flap, a 
system of variable area nozzles could be used to reduce the 
fraction of flow to the tip nozzles at part power and to increase 
the flow to the jet-flap. 

The heavy-lift configuration will have three engines. Therefore, 
in case of failure of a single engine, cross-over ducting will 
be provided to maintain the proper gas flow in the jet-flap area. 
In the case of complete power failure, it will be possible to 
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autorotate at increased tip speed (122% of power-on tip speed) 
without encountering blade stall. 

High Speed Maneuverable Helicopter 

The 200 knot helicopter was designed to perform a 2g turn in 
level flight. For this maneuver all the gas is diverted to the 
jet-flap section. It will be impossible to reduce torque for a 
descent and still perform a 2g maneuver, due to the reduction of 
momentum in the jet-flap area. As the lg C^/a is not excessive 

(.085), level flight and descent are not a problem. 

In case of complete engine failure at 200 knots at lg, the pilot 
will have to decrease the forward speed to about 100 knots, in 
order to autorotate. 

PRELIMINARY ESTIMATES OF JET-FLAP SIZE 

The calculations discussed above have led to the sizing of the 
optimum helicopters for the Heavy-Lift mission and the 200 knot, 

2g mission, using the best combination of jet-flap deflection, 
flap length, and gas split. The effect on blade aerodynamic 
characteristics of the jet-flap used in this study is given in 
Appendix C, wherein data is presented for blowing over the upper 
surface of a 12.5% chord flap attached to an NACA 0018 airfoil. 

Because of the scarcity of data, mentioned earlier, it was assum- 
ed in this study that the same lift- augmentation results would 
apply to airfoils of 15% and 20% thickness ratios that have 12.5% 
chord flaps with upper surface blowing. It is then possible to 
find the proportions of jet-flap nozzle height and flap thickness, 
thus permitting a designer to proportion structure and hinge 
mechanism. In addition, it is possible to observe that the re- 
quired nozzle height/flap thickness is of acceptable proportion, 
as seen in Table 17. 

For power-on flight the nozzle size shown is not expected to 
cause any difficulties; for power-off flight, some nozzle base 
drag would be introduced, particularly for the 200 knot, 2g con- 
figuration. 
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CONCLUSIONS 


Heavy-Lift Helicopter Mission 

The increase in maximum airfoil lift coefficient achieved by the 
jet-flap permits a reduction of rotor solidity to approximately 
59% of a non-jet-flap rotor. 

As a result of the saving in rotor solidity, and hence in rotor 
weight, the jet-flap configurations had a 21% higher productiv- 
ity than a non-jet-flap configuration. 

Of the three propulsion systems studied utilizing a jet-flap 
(Hot Cycle, Warm Cycle, Cold Cycle) the Hot Cycle gave the larg- 
est increase in productivity. 

Fuel/payload ratios with the Hot Cycle and Warm Cycle jet-flap 
propulsion systems are the same as for the reference Warm Cycle 
no- jet-flap Warm Cycle; the fuel/payload ratio for the Cold 
Cycle is 18% higher. 

The highest productivity is obtained with the following rotor and 
jet-flap parameters: 


Duct Mach Number 
Disk Loading 
Gas Split 

Flap Length/Radius 

Jet-Flap Deflection-Hover: 

- Cruise : 


.43 

9 lb/ft 2 

30% flap/70% tip nozzle 

. 275 

30° 

15° - 15° sinV 


200 Knot 2g Mission 


The 200 knot 2g mission is performed best with a Warm Cycle pro- 
pulsion system. The jet-flap permits designing for a rotor 
blade loading coefficient C^./a = .170 at 2g without encountering 

blade stall. A conventional rotor will allow a Gp/a of only 

.083 at 200 knots. Thus, the jet- flap rotor permits a 200 knot 
2g maneuver without suffering the penalty of an unreasonable 
rotor solidity that would be required by a non-jet-flap rotor. 

The rotor and jet-flap parameters for the preferred configura- 
tion are: 
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Duct Mach Number 


.34 

Disk Loading 


10.4 lb/ft 2 

Gas Split 


1001 flap/0% tip nozzle 

Flap Length/Radius 


.275 

Jet-Flap Deflection 

- Hover: 

o 

o 

"3- 


- Cruise: 

20° - 20° sinY 


Airfoil Data 


There is only partial test data on the drag of jet-flap airfoils 
in the stall region, as affected by momentum coefficient. 

RECOMMENDATIONS 

Data for jet-flap airfoils should be obtained on lift coefficient 
and drag coefficient vs momentum coefficient for angles of attack 
several degrees past stall. 

The influence of Mach Number on jet-flap airfoil characteristics 
should be determined. 

Jet- flap nozzle pressure ratios up to 4.5 should be studied. 

A design study should be performed of the high speed maneuver- 
ability mission to determine the relative productivity of the 
pure helicopter with a jet-flap rotor, the pure helicopter with 
a very high solidity rotor, and other configurations of interest 
such as the compound helicopter. 
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APPENDIX A 

ROTOR PERFORMANCE CALCULATION 
Introduction 

The rotor performance subroutine consists of two parts. The 
first part is used to compute the rotor flapping angles and is 
based on the equations presented in Reference 3. The second 
part uses the flapping values obtained in the first part and 
computes the aerodynamic characteristics of the rotor based on 
equations from Reference 4. 

In the present jet-flap study nine radial stations are assumed 
on the blade portion inboard of the jet-flap and five stations 
on the jet-flap. Eighteen azimuth positions are used. In the 
following discussion, those terms which have been added to han- 
dle the jet- flap are underlined. 

Angle of Attack and Section Characteristics for Unflapped Blade 

At each station and azimuth, the following equations are used to 
compute local angle of attack and Mach Number. All terms are 
with respect to the rotor shaft axis. 

Up =X s cos 8- (x - |) sin 8 cos ¥ (A-l) 


u T = 

i* 

( x - f) cos 8 + V s sin ¥ 

( A_ 2) 

1 s 


/ U P \ 


4> = 

tan 

1 s 

°r 

03) 



' s' 


U 

A' up 

2 ;; T 2 

04) 


s s 


The local angle of attack is 

“r =6 o + e i x _A i cos * ' B i s 111 ' 1 ' + < t l+ e cAM 05) 
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The local Mach Number is 
U UR 

M x - — CA-6) 

By using the section angle of attack and Mach Number, and 

C d for the basic rotor blade section exclusive of the jet-flap 

are obtained from tables of two dimensional airfoil data. 
(Reference 11) 

Jet-Flap Momentum and Lift and Drag Coefficients 

At each station on the jet-flap, mass flow and relative gas ejec- 
tion velocity are computed during the rotor power available cal- 
culation discussed in Appendix B. Momentum coefficient is then 
computed at each station using the following equation: 


2m V.b 

— "2 
Pir (UR) ottR 


(A- 7) 


The following equations are used to determined the and 
contributed by the jet- flap: 


C p = C. sin (a 

j J 


°j 


C . cos 

J 


The mechanical flap 
1 9C, • 


MF ■, a 6 


MF 


The expressions for 
are : 


c i. “ c t * c j sin 
J o J. 


+ 6) + S ' C. sin (a + 6) (A- 8) 

* 1 

(a + 6) - S d 1- cos (a + 6) (A-9) 

C, is simply: 
a MF 

(A- 10) 

total and C d on the jet-flap portion 
(a + 6 ) + C. sin (a + 6) (A-ll) 


56 



C-, = Cj C. cos (a + 6) -S, ! 1 - cos (a + 6) 

d a ] a 

°i ° 

3CT T ~ "" 

• d o .6 


l 9 6 . 


MF 


Blade Flapping Characteristics 


CA- 12) 


The procedure used to obtain the blade flapping characteristics 
is based on the fact that no moments may be transmitted through 
the blade flapping hinge. That is, the sum of all moments about 
the flapping hinge at any rotor azimuth position is zero. 


m t - M c • M I - "w = 0 


(A- 13) 


The aerodynamic moment is given by 


M T ' i I* n 1 ) 1/ (c,Ur+ V?) dx 

*c 

+Jt*- f)u(d J U r + 0'. J Up)d)( 

x -f 

+ f C QNtl 5l W © N 

B 


(A- 14) 


The centrifugal force moment is 
M c = ft 2 sin B (1^ cos B + |- M w ) 

The blade inertia moment is 

M I = T h 

Expressing B in terms of ¥ 

B = n 2 a 


M 


I 


n 2 B 


I 


h 


(A- 15) 


(A- 16) 
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The weight moment is given by 


M w = M w cos 3 (A- 17) 

Substituting A-14, A-15, A-16 and A-17 into equation A-13 results 
in a differential equation in which 

3 = f (3 , 3) (A- 1 8) 

Initial values of 3 and 3 are assumed for the zero azimuth posi- 
tion and equation A- 18 is solved for 3. Using numerical inte- 
gration, 3 and 3 are predicted for the next azimuth position. 

When the calculation has been completed for a full rotor revolu- 
tion, the final 3 is compared with the initial 3. If they agree 
within a specified tolerance, the calculation is complete. If 
not, the iteration is repeated, starting with the final value 
of 3 . 


Rotor Coriolis Torque 

Acceleration of the gas up to the local rotational speed of the 
rotor determines the Coriolis torque of the rotor. This quantity 
is influenced by how far along the rotor a particular quantity 
of gas travels before it is exhausted, as well as the amount of 
the gas. To determine this value, a numerical integration is 
performed which assumes the rotor to be broken up sequentially 
into an inboard section, four variable but equal-length jet-flap 
segments, and the tip nozzle. The proportion of the total flow 
exiting through a flap section j is an incut variable . The 

Coriolis torque coefficient is then determined as a function of 
gas flow (or engine power level) : 




i> W 3 

Corrib JIR3 


jjj 

Rotor Driving Torque 


(A- 19) 


The torque driving the rotor is made up of two parts, that due 
to the gas exhausting from the jet-flap and that due to the rest 
of the gas exhausting from the tip nozzle. 


The jet-flap driving torque is associated with the C^ term as 

°j 

"negative" drag in the drag coefficient equation A-9 given ear- 
lier. This "negative" drag coefficient is introduced into the 
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total drag coefficient (A-12) which is converted into a 

o . 

3 

torque coefficient in the next section in the equation for 
C (40 (A- 30). 

Q jf 

The tip nozzle driving torque is determined directly by the 
gases exhausting at the nozzle, as given in the following equa- 
tion 

\ K 5 V 5 b 

Q Nozzle gAp (QR) 2 (A-20) 

This term is converted to C n (¥) in the next section (Equation 

^Noz 

A-32). Finally, both C n (¥) and C n (¥) are combined in the 

y jf ^Noz 

equation A-23, which balances all accelerating and decelerating 
torques on the rotor. 

Rotor Performance Equations 

The rotor performance parameters are then computed using the fol- 
lowing equations based on the final flapping angles obtained 
earlier. These equations formulate rotor thrust, torque, and 
horizontal force. They include the previously determined values 
of flapping angles, Coriolis torque, and jet- flap and tip nozzle 
driving torque. All of these equations are solved simultaneously 
by iteration, arriving at an engine power level that not only 
provides the power required to produce the required thrust and 
propulsive force, but also generates the proper jet-flap exhaust 
velocity to make the jet-flap operate at the required high lift 
coefficients. 

Blade pitch at the tip nozzle is 

e N = 8 o * e l * W - A 1 cos T - B 1 sl "» * e C am ' A ' 21 ’ 


59 



n X [ Ct,1 ^T,0 + ^ ] 

/ 

(a-zi) 

Q>- 77 X [ Cg d c, + C$ Jf . + Cp^ f + £<? A0 J + c <? C0R ( A ' 23 ) 

y>*l ' 

j n 

C W " nS [ i 1 

lf£/ - 

M) 

■for fiflc/? azimo+hj ^*1,^1 


Cr )k (<?) =f\(%U l C t C05$dx + (T x a l C }j C05f JX 

*t % 

(A-2£) 

X ^ 

C T/0 {v)=fl< r x +/ ±<r x u l Ci oj sm<t><ix. 

*c X * 

(A-Z6) 

A ^TA JOz(V ) = "^NOZ °/V 

(A-t7) 

C«, j (^ ) =^f '{ % u z x q, 0 H* °x u‘r (c* +Q w )^3 h* ^ ' z8 ^ 

X 

\ V^UX C.J 5tnf dx +J ^CT x U l XC'?jSi»<t> dx 

x t *f 

(*-») 

X* , 

Q} Jf ) =/ "2. W Ut X COb{3 C^ 6 J dx 



(A-30) 
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C °n<(v)-f I <5 UHr* GM/s( J J )$ Jx 

X -f 

M 

^9 /V02.( 1 ~ ^HOZ Co5 ^M 

(A-31) 

C <’,»('f) =/ W’ +J\ <r x M»(£i.+ O 4k 

x t 4* 

(A -33) 

C^; (v) Z J%°Z {~ Sin $ sm i > '°° s $ s,n fi cvs f)^ x 



*c 
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APPENDIX B 


ROTOR POWER AVAILABLE (See also Ref. 12) 
Introduction 

The rotor power available is determined by calculating the 
changes in pressure and temperature of the compressed gas sup- 
plied by the engines as it travels from the engine discharge 
plane to the nozzles located either along the blade in the jet- 
flap region or at the blade tip. The state of the gas (pressure 
and temperature) changes under the influence of duct wall fric- 
tion, centrifugal forces and heat losses. Finally, at each 
nozzle segment, the effective nozzle velocity is found, and the 
local and integrated rotor driving torque is determined and con- 
verted into rotor power. 

Only the fundamentals of the thermodynamic process will be dis- 
cussed in this section; the jet-flap action introduces major 
parameters that affect the rotor power available such as: 

Flap length/blade radius 

Gas split between jet-flap and. tip nozzle 

Mean and oscillatory deflection of jet-flap 

The detailed integration of these jet-flap parameters into the 
Power Available determination is given in Appendix A. 

Gas Condition at the Engine Exit 

Within the usual helicopter flight envelope, the engine airflow, 
fuel flow, and pressure ratio (engine exit to inlet) form single 
lines when plotted on a referred basis versus the engine temper- 
ature ratio (exit to inlet) . A typical plot of referred engine 
parameters for a fan engine is shown in Figure B-l. 

w / 

With this chart, the referred airflow, a '« 0/^ , referred fuel 
flow, ^f/^ \f q , and pressure ratio, are found for a select- 

ed temperature ratio, T £ /T 2 . Each temperature ratio represents 
an engine power setting (T^-j relative to some engine inlet tem- 
perature (T^) . The takeoff and maximum continuous exit tempera- 
tures are also dependent on inlet temperature, as shown typically 
in Figure B-2. Various engine aerodynamic, mechanical and struc- 
tural limits are involved in establishing the limits on Figure 
B-2; the exact details vary from manufacturer to manufacturer, 
but the trends are generally as shown in Figure B-2. 
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ENGINE EXIT 
TEMPERATURE. T, 



ENGINE INLET TEMPERATURE. T 2 -"F 


Figure B-2. Engine Exit Temperature Versus Inlet Temperature 
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Duct Pressure Loss from Engine to Rotor Hub 

The area, the shape, and the gas path direction changes all in- 
fluence the pressure loss from the engine to the rotor hub. If 
the average Mach Number in the ducts, plenum, and connecting 
elbows can be kept in the .25-. 35 range, it should be possible 
to keep the non-blade duct pressure loss under 4% of the engine 
exit total pressure. 

Gas Conditions along the Rotor Blade 

The gas duct in the rotor blade discussed here has a duct area/ 
blade cross-section area ratio (or utilization U) of about U = 
0.73. In addition, the hydraulic diameter (D^ = 4 x area/peri- 
meter) is approximately .18 times blade chord for a 151 thick 
airfoil. With these geometrical conditions, the duct slender- 
ness ratio (R/Djj) is about 50 to 1. Further, for solidity 

a = .11, a blade root inlet Mach Number of about .40 is found 
typically for a well-proportioned rotor. 

The exact equation describing the change of the gas conditions 
along a long rotating duct was developed by Shapiro (Reference 
13) and was expanded by Henry (Reference 14) to include centri- 
fugal forces. 

The basic momentum equation is: 


dM T 


F M d (1 * KM d 2 ) dT 2KfM D 3 dr MF dA 
D = o f~ + — ‘ D — 


-d + V T 2 FM n rdr 


g r g TR' 


H 


where F = 


A 

K-l ~ 

t! * T* 1 /) 

(1-Mn 2 ) 


(B-l) 


The effects on duct Mach Number are shown successively in equa- 
tion B-l for change of stagnation temperature, for effect of 
friction, for duct area changes, and for centrifugal forces. 

Due to the insulated nature of the proposed honeycomb blades, 
and because of the use of added insulation to keep low bond line 
temperatures, the gas temperature can be expected to be perhaps 

25°R higher at the blade tip than at the blade root. This, 
coupled with the blade geometry and equation B-l, will allow cal- 
culation of the overall change of duct Mach Number. 
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The non-linear differential equation of Mach Number versus radius 
(equation B-l) can be solved with numerical integration on a com- 
puter. 

The blade root Mach Number can be found knowing the gas flow, 
pressure, temperature, and duct area using the following equa- 
tion: (Note: Subscript ""R" refers to blade root; subscript 

"T" refers to blade tip) 


wV’Tr 

p X 

r n A n 


M 


D 


(R) 


!-. . K-l„ 

\ 1 T^D 


(R) 


7 \ K+ 1 

j rnriT 


(B-2 


The increment in Mach Number is found from equation B-l, and the 
blade tip Mach Number is defined by 


M 


D 


(T) 



AM 


D 


(B - 3) 


Then, knowing the duct Mach Number at the blade root and blade 
tip, the blade tip/blade root pressure ratio is found from the 
following equation: 


P P 

Tip _ *T 

P “ P"~ 
*Root r R 



An 1 1 + ~~2 

D R (R) _ _ (T) 


M n l , , K- 1 M 2 
D I D (T) 11 + ^“ M D 


(R) 


K+l 


(B - 4) 


Rotor Power Available 

Next, the effective nozzle velocity is found by determining the 
isentropically expanded velocity from the local* nozzle gas 
total pressure and temperature, and by applying an effective 
nozzle velocity coefficient, Cy , which accounts for the energy 

e 

which is not convertible into thrust. This coefficient is a 
function of the nozzle geometry (round, rectangular, etc.) and 


* "local" can be at the tip nozzle or anywhere along the jet- 
flap. 
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the pressure ratio. A simple convergent nozzle was used in 
this study. It is expected that quite detailed analysis and 
test will be required to obtain the best possible gas paths for 
blade tip nozzles and for jet-flap nozzles. In the case of the 
tip nozzle, when the gas exhausts directly to the atmosphere, it 
appears (from recent tests of turbine nozzle vanes) that a noz- 
zle velocity coefficient of Cy = .975 is conservative. In the 

6 

case of the jet- flap, when the gas must pass over the physical 
flap of 0.10-0.12 times chord, frictional losses will occur, and 
as discussed in Reference 15b, a reduction of (assumed to be 

.96) appears to be applicable to the jet-flap nozzle. The local 
jet velocity is then found from the following: 


V J " C V 


K-l g R G T local 


1 - 


Amb 

> I 

local ‘ 


% 


(B-5) 


The rotor power is then determined as an integrated result of 
the local mass flow being ejected, the local jet velocity, the 
blade radius at which it is being ejected, the blade tip speed, 
and the helicopter forward speed. Details of this integration 
procedure are given in Appendix A. For illustrative purposes, 
the following equation is given which defines rotor power for 
the hovering rotor in which 100% of the gas is exhausted at the 
blade tip (no- j et-f lap) for a hovering helicopter. 


RHP 


W 


A. 


g x 550 


CVj-vp v T 


(B-6) 


In forward flight, ram drag of the air picked up at helicopter 
speed is allowed for; the ram pressure rise at the engine face 
partially compensates for this ram drag. 

Influence of Jet-Flap on Rotor Power Available 

A detailed calculation is required to determine the effects on 
rotor power available of the following parameters associated 
with use of a jet-flap: 

Reduced nozzle velocity coefficient 

Inboard location of average radius of jet-flap gas 

Flap deflection 

An approximate analysis was made of the case typical of the 
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Heavy-Lift Mission, where 301 of the gas is ejected uniformly 
along a jet-flap extending from 70 percent to 97.5 percent of 

blade radius, with a hover flap deflection of 40°. 

The approximate analysis showed that 921 of the pure tip nozzle 
power would be developed, based on a thrust recovery factor* of 
0.5, and the detailed calculation (per Appendix A) showed 90% of 
reference tip nozzle power. 

The flap length and flap deflection of the high speed, 2g mission 
was found typically to be similar to the Heavy-Lift Mission 
values. However, 100% of the gas is ejected along the jet-flap 
(none to the tip nozzle). The approximate analysis showed rotor 

power available to be 80% of the reference pure tip nozzle power, 

and the typical detailed (computer) calculation showed about 74% 
of reference nozzle power. 


* as defined by the term S^, supercirculation thrust parameter 
in Reference 5, and discussed in Appendix C. 
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APPENDIX C 


JET -FLAP AERODYNAMIC CHARACTERISTICS 

Lift Coefficient vs Momentum Coefficient 

Review of literature on the aerodynamic characteristics of jet- 
flaps indicates that the basic data was obtained from the French 
work L. Malavard, et.al., Reference 15a. The data presented in 
Reference 15a was used to derive the lift coefficient of a de- 
flected flap. 

The equation for the lift coefficient of an airfoil with a jet- 
flap with blowing on the upper surface of a mechanical flap is 
equal to: 


C z = C l + Cj sin (a + 6) + S^ C.. sin (a + 6) (C-l) 

The first term is the lift coefficient of the basic airfoil sec- 
tion, the second term is the jet reaction increment, and the 
last term is the super-circulation increment. The data shown in 
Figure 25 of Reference 15a (shown herein as Figure C-l) was used 
to estimate S^. The value of 5.7 fits the data for the upper 

surface jet and the flap length of 12.5% chord. The airfoil 
used in this study for the baseline Warm Cycle no-jet-flap heli- 
copter was the NACA 0015 section. C^ for the basic airfoil is 

o 

obtained from wind tunnel data of the NACA 0015 airfoil. Refer- 
ence 11. This reference presents section C^ and C^ as a function 

of Mach Number and angle of attack. 

Section Drag Coefficient 

The section drag coefficient of the airfoil with a jet-flap is 
equal to: 

C, = C, - C. cos (a + <5) - S,C. (" 1 - cos (a + 5)] + C, 

o J a 3 - - a MF 

(C-2) 


where C^ is the drag coefficient of the basic 151 thickness air- 
o 

foil, is the thrust recovery factor assumed to be equal to 0.5 

for this study, and C, is the drag coefficient due to the de- 

a MF 

flection of the 12.5% mechanical flap. The drag coefficient of 
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Figure C-l. Lift Variation with Blowing Over 12. 5 Percent Chord Flap 
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the mechanical flap is equal to 0.003 $£]_ a p (Reference 16). 

Flight tests have indicated that the profile drag of a practical 
15% thick airfoil section is approximately 7% greater than shown 
by Reference 11. Therefore, the profile drag terms are increased 
by a profile factor of 1.07 for a constant 15% thick airfoil. 


Stall Angle of Attack and Drag Rise 

Figure 27 of Reference 15a (shown herein as Figure C-2) shows 
that the angle of attack for blade stall (defined as a r ) of 

U L 

max 

a jet-flap airfoil is a function of jet deflection. The data 
shown in Figure C-2 is for symmetrical blowing on a jet-flap and 
Cj of 1.0. Figure 13 of Reference 15a (Figure C-3 herein) shows 

the effect of blowing on stall angle of attack for trailing edge 
blowing, at a jet deflection angle of 55 degrees; the stall angle 
of attack is seen to decrease with for = 0.4 - 1.2. Com- 
parable data is available for moderate blowing (Cj = 0.0 - 0.158) 

on the upper surface of a mechanical flap in Reference 15h. 
Therefore, it will be assumed that stall angle will decrease for 
Cj between 0.2 and 1.0, when blowing over a mechanical flap, and 

specifically the angles for stall will be obtained from Figure 
C-2. These may be considered slightly conservative due to the 
fact that the retreating tip C^ for both the Heavy-Lift and high- 
speed helicopters is less than 1.0. 

Based on Figures C-2 and C-3, Figure C-4 presents section stall 
angle of attack as a function of jet orientation angle, 6, C^ 

is considered constant for section angles of attack greater than 
the stall value shown in Figure C-4. In addition, drag rise due 
to stall is conservatively accounted for by setting the thrust 
recovery to zero when the section angle of attack is above stall. 
It should be noted that there is an apparent lack of drag data 
for a jet-flap airfoil past stall. This item could be a very 
useful subject of future wind tunnel testing. Figure C-4 also 
presents values of C^ versus C. and 6, using equation C-l 

max J 

and stall angle shown on Figure C-4. It is seen that the jet 

deflection angle for C^ is in the range of 40° - 50° for 

max 

Cj = .1 to 1.0. 

Limit Angle of Attack 

Roughness data obtained from flight tests at HTC have indicated 
that the retreating tip angle limit for roughness (Vp) occurs at 
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Figure C-3. Lift Coefficient Versus Angle of Attack and Momentum 

Coefficient 
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Figure C-4. 
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c. a 1. 0 


Cj *0.5 


Cj a 0. 1 


LIR 

COEFFICIENT 
C l 


ANGLE -1-DEG 


e and C/ Versus 6 and C: 

* max J 


approximately 2 degrees beyond 2-dimensional stall. The Heavy- 
Lift helicopter can cruise at V NE , which is defined as 901 of 

roughness speed. For V^ E , the retreating tip angle is 1.5 

degrees beyond 2-dimensional stall. The high-speed helicopter 
performs a 2-g maneuver at 200 knots; because of the limited 
duration of this maneuver, the retreating tip angle can reach 
the roughness value of 2 degrees beyond the stall limit. The 
a (l 0) (270) margin shown refers to Figure C-4. Positive values 

show retreating tip limit angles less than the limit of Figure 
C-4 and negative values are for angles greater than Figure C-4. 

All angles shown are for sea level, 95°F. 

Thickness Effects on Drag 

Airfoils thicker than 151 are required to provide enough duct 
area for the Heavy-Lift jet-flap helicopters. This increased 
thickness applies from the blade root to the start of the jet- 
flap. The blade thickness of the flapped section is reduced 
linearly to achieve 15% at the blade tip. Reduction of the air- 
foil thickness in the flap section is made possible by the fact 
that the duct area is reduced as the air is bled off for the 
jet-flap. Since the penalties of drag divergence and stall occur 
on the tip sections of the blade, they are properly accounted 
for by the airfoil section characteristics of the 15% airfoil. 

The thicker inboard sections are at low values of Mach Number 
and the increase in drag can be accounted for by multiplying the 
profile drag terms by a weighted factor, derived as follows: 

The ratio of profile drag of a thicker section to a 15% thick 
section can be obtained from equation 6, Chapter 6, Reference 17. 
The inboard section is assumed to extend to 85% of the radius 
while the jet-flap section started at from 65% to 75% for the 
cases investigated. This was done to account for the linear 
transition from inboard thickness to tip thickness over the flap 
length. The weighted factor was obtained by integrating from 
root to tip using the following equation: 


PPF = ppp 

weighted root t/c 

1.0 

+ PPF . . . / x 3 dx 

tip t/c 1 

.85 


r 


85 

x 3 dx 


"o 


(C-3) 
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This resulted in PPF = 1.14 for 20% inboard thickness and 

PPF = 1.17 for 22% inboard thickness with 15% outboard thickness 

for both cases. 


76 


APPENDIX D 


EMPTY WEIGHT DETERMINATION 
Introduction 

The empty weights of the helicopter studied here were based on 
the standard use of empirically-derived statistical weight 
equations for the several components involved. Two sets of 
equations are presented here, one for the Heavy-Lift mission, 
and one listing the revisions to the Heavy-Lift equations to 
provide for the high speed mission. A common set of symbols i 
used. 

Heavy -Li ft mission . - The following equations are used for cal 
culation of helicopter component weights: 

Main Rotor Group 


W 


= K - r K ^1.0427 b (RC) ’ 879 W„ * 2 31 


w jf mr i. 

+ 2.413 x 10' 3 b 1,067 (RC) 


where K^f = 1.1 (with jet- flap) 

= 1.0 (no- jet-flap) 
K mr = .92 (Cold Cycle) 

= 1.00 (Warm Cycle) 
=1.10 (Hot Cycle) 

Tail Surfaces 

S. 


W«. = 2.55 K 

ts 


where K 


ts 


ts 


ts ts 
70 
221 


W. 


C W } 
g b 


2/3 


938,., . 246,, . 706 


(D-l) 


J W 


g 


V. 


’+200 


CD-2) 


Tail Rotor 


W tr - 3.70 K tr 


(RCb) 


1.213 

tr 


(D-3) 



where: K 


.90 



CD-4) 


CD-5) 


CD-6) 


CD-7) 


CD-8) 


CD-9) 
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Exhaust System 


W = .223 W‘f° N 
es eng e 


Lubrication System (included in APU weight) 


(D- 10) 
CD-11) 


Fuel System (fuel based on 4-trip endurance mission 
= W £ ) 

W r = 295 + 70.6 N . + .0614 W* CD-12) 

f s t i 

Engine Controls and Starter (fixed propulsion systems) 

W, = 60 + 60 N (D- 13) 

fp e 

Jet-Drive System 

W . , = . 0 888K , . D 2 - 32 N + 5.136 D N +22.64 D N * 50 (D-14) 

jd div e e e e e e 

where: Subscript "g" denotes conditions at exit of 
diverter valve (K^ v _ g5 ) 


W = Gas flow/engine 
E 

N = number of engines 
e 

D = diverter valve exit diameter (in.) 
e 


D 

e 



des 


— i 


_1 

irT 


1/2 


The flow function r 


r W 

= (_g_ 


e) 


A D P e 


is a function of the duct Mach 


Number and specific heat ratio. The relationship between the 
internal flow loss and the diverter valve weight is determined 
by the choice for the flow Mach Number. A flow function of 
.178 (Mach Number = .2) has been found to produce a good com- 
promise between weight and pressure losses. 


NOTE: ( ),, denotes takeoff rating at hover design condi- 

de s 

tions . 
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(D- 15) 


Yaw Fan/Rotor Drive System + Accessory Gearbox 
\fd ’ 25 ' 19 K yfd ( Rcb nr 47 


where: K. 


894 


yfd ' 

Rotor Brake 

W ^ = 200 lbs (constant) 

Auxiliary Propulsion Group 

W , = 506 lbs (constant) 
apu 

Instruments 


= 400 lbs (constant) 


Hydraulics and Pneumatics Group 
w h - .835 K h W fc - 740 

where: = .90 

Electrical Group 

W . = 3.86 K ,W* 473 
el el g 

where: K ,= .90 

e 1 

Avionics 


= 1280 lbs (constant) 

IR Countermeasures Device 

= 500 lbs (constant) 

Armor 

W = 560 lbs (constant) 
arm 


(D- 16) 
(D- 17) 
(D- 18) 
(D- 19) 

(D-20) 

(D-21) 

(D-22) 

(D-23) 
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Crew/Passenger Furnishings and Equipment 


W^ e = 1000 lbs (constant) 

Airconditioning Group 

W = 350 lbs (constant) 

ac 

Anti- Icing Group 

W = 100 lbs (constant) 

an 

Auxiliary Gear (Cargo Handling Devices) 

W = .03418 W.. where: W, , = load lifted 

a 8 11 11 (lbs) 

Weight Empty 

W g = equations D-l through D-27 
Useful Load (W x ) 

a. Crew @ 240 lbs/man x 5 = 1200 lbs 

b. Oil @ 17.5 lbs/engine x N e 

c. Unusable Fuel @ .01 W^ ^ (primary mission) 

d. Miscellaneous Equipment = 1000 lbs (constant) 

e. Fuel (usable) primary mission (as required) = 

f. Payload 60,000 lbs 
Gross Weight (Wg) 

W g = W e + w ui = rmm + Warmu P Fuel 

Revision to Heavy-Lift weight equations for high spe 
mission . 

Body Group 

W„ = .126 K d W * 611 S* 551 
B B g 


(D-24) 
(D- 25) 
(D- 26) 
(D-27) 

(D-28) 

(D-29) 

(D- 30) 
fuel 

d 


81 




Rotor Brake 

= 30 lbs. (constant) 

Auxiliary Propulsion 

W fl p U = 100 lbs. (constant) 

Instruments 

58 150 lbs. (constant) 

Avionics 

W av = 400 lbs. (constant) 

I.R. Countermeasures Device 
W^ r = 300 lbs. (constant) 

Armor 

W = 500 lb. (constant) 
arm 

Crew/Passenger Furnishings § Equipment 
W^ e = 15 x 20 = 300 lb. (constant) 
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Air Conditioning Group 
100 lb. (constant) 


Anti-Icing Group 

30 lb. (constant) 
Auxiliary Gear 
0 lbs. 

Fuel System 


= 2500 W x 
ts 14400 1 

Unusable Fuel 


.174 W 


fuel 


w uf = * 005 W fuel 
Miscellaneous Equipment 
0 lbs . 


Crew 

2 men at 240 = 480 lb. (constant) 

Oil 

35 lb. (constant) 

Payload 

6000 lbs. 



APPENDIX E 


OPTIMIZATION PARAMETERS 

It is noted on pages 12 and 22 that the block speed in the sub- 
ject study is constant. Therefore, the Productivity parameter 
is the same as Payload/Empty Weight. Lengthy cost studies of 
ten-year life-cycle costs of heavy lift helicopters have been 
made based on source data such as Reference 18. It was found 
that (neglecting such relatively constant items as initial 
development, flight crew pay, and travel), fuel costs represent 
less than six percent of the ten-year costs. The other ninety- 
four percent of costs are proportional to empty weight at a 
fixed payload, or to payload/empty weight. Thus it is easy to 
show that the choice of Productivity (as defined on page 21) 
as the criterion for comparison is the correct parameter. 

As confirmation of the validity of selecting a productivity cri- 
terion rather than a fuel/payload criterion as the optimization 
parameter, Tables E-l and E-2 below (which are based on Tables 
4 and 5 on pages 27 and 30) give the trade-off of Productivity, 
Fuel/Payload, and Relative Total Variable Life Cycle Costs as a 
function of duct Mach Number and disk loading, respectively. 

TABLE E-l 


EFFECT. OF DUCT MACH NUMBER 


Duct Mach Number 

Productivity 

Fuel/Payload 

Total Variable Life 
Cycle Costs 


0.31 


Relative 
Cost Factor 

(127. 4) 

.966 

(. 2081) 

. 053 


1.019 


0.43* 

Relative 
Cost Factor 

(130.4) .944 

(.2198) . 056 

1.000 


* Mach No. for highest productivity 
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TABLE E - 2 


Disk Loading- lb/ft^ 

Productivity 

Fuel/Payload 

Total Varibable Life 
Cycl 

** 


EFFECT OF DISK LOADING 

7 

Relative 
Cost Factor 

(129.7) .949 

(.2046) .052 

1.001 


9** 

Relative 
Cost Factor 

(130.4) .944 

(.2198) .056 

1.000 


Disk Loading for highest productivity 


To prepare Tables E-l and E-2, the values of Productivity and 
Fuel/Payload were noted from Tables 4 and 5 respectively, at the 

duct Mach No. (.43) and disk loading (9 lb/ft^) which showed the 
highest productivity in the noted tables. Based on studies pre- 
pared from Reference 18, a relative cost of .944 was assigned to 
Productivity and a relative cost of .056 was assigned to Fuel/ 
Payload (total = 1.000). Then the Productivity and Fuel/Payload 
were noted from Tables 4 and 5 for the duct Mach No. and disk 
loading which gave the lowest Fuel/Payload in the referenced 
Tables. The relative costs associated with changed productivity 
and Fuel/Payload were determined by multiplying the original 
relative costs by the ratios of Productivity and Fuel/Payload, 
respectively, as follows for duct Macn No. = 0.31. 


Productivity: Revised cost = .944 x = .966 

Fuel/Payload: Revised cost = .056 x = -053 

For the duct Mach Number reduction in Table E-l there is a 5.3% 
reduction of fuel/payload versus a 2.3% reduction in Productivity. 
For the disk loading reduction in Table E-2 there is a 7% reduc- 
tion in fuel/payload versus a 0.5% reduction in productivity. 

However, because of the greater influence of Productivity, it is 
seen that the variable life cycle costs would have been higher 
in both the case of optimizing disk loading or of optimizing 
duct Mach Number by the use of lowest fuel/payload instead of 
highest productivity. 
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APPENDIX F 

SELECTION OF NUMBER OF BLADES FOR BASELINE VEHICLE 


A brief study was made of the possibility of using a three-bladed 
rotor for the reference Warm Cycle helicopter without a jet-flap. 
It was found that a higher Productivity (115.5) could be obtained, 
essentially because the three-bladed rotor is not as constrained 
by duct area requirements as the four-bladed rotor, which had a 
Productivity of 108.8 (Figure 5). However, the individual blades 
of the three-blade rotor are wider and, therefore, deeper than 
those for a four-bladed rotor. The ratio of blade radius/spar 
depth (R/t) , which is the basic parameter influencing blade 
bending frequency, is 80 for the three-blade rotor and 90 for 
the four-blade rotor. A lower (R/t) ratio signifies a stiffer 
blade. As a result, for equal disk loading and/or gross weight, 
the three-blade rotor first mode flapwise bending frequency is 
higher than that of the four-blade rotor, and will approach 3 
per rev, thus increasing the possibility of high 3/rev blade 
bending stresses. Consequently, the four-blade rotor design was 
used for a no-jet-flap reference because of the lower blade bend- 
ing frequency. It should also be noted that the blade radius/ 
spar depth ratio (R/t) for the three-blade Hot Cycle jet-flap 
rotor (with its substantially narrower chord) is 97, leading to 
an acceptable blade bending frequency. 
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